In a four-year survey to determine the presence and distribution of viruses in tobacco crops at 17 localities of the Vojvodina Province and Central Serbia, 380 samples were collected and analyzed by DAS-ELISA. Out of the seven viruses tested, tomato spotted wilt virus (TSWV), potato virus Y (PVY), tobacco mosaic virus (TMV), cucumber mosaic virus (CMV), and alfalfa mosaic virus (AMV) were detected in 37. 9, 33.4, 28.7, 23.9, and 15.5% of the total tested samples, respectively. TSWV was the most frequently found virus at the localities of Central Serbia, while PVY and CMV were the most frequent viruses in the Vojvodina Province. Single infections were prevalent in years 2005-2007 and the most frequent were those of PVY. A triple combination of those viruses was most frequent mixed infection type in 2008. The presence of all five detected viruses was confirmed in selected ELISA-positive samples by RT-PCR and sequencing. The comparisons of obtained virus isolate sequences with those available in NCBI, confirmed the authenticity of serologically detected viruses. Phylogenetic analysis based on partial nucleocapsid gene sequences revealed a joint clustering of Serbian, Bulgarian and Montenegrin TSWV isolates into one geographic subpopulation, which was distinct from the other subpopulation of TSWV isolates from the rest of the European countries. The high incidence of viruses in Serbian tobacco crops highlights the importance of enhancing farmers knowledge towards better implementation of control strategies for preventing serious losses. . Abbreviations: aa = amino acid; AMV = alfalfa mosaic virus; CMV = cucumber mosaic virus; MAb = monoclonal antibody; PVX = potato virus X; PVY = potato virus Y; TCSV = tomato chlorotic spot virus; TMV = tobacco mosaic virus; TRSV = tobacco ringspot virus; TSWV = tomato spotted wilt virus
Introduction
Tobacco (Nicotiana tabacum L.) is a high-value cash crop that is traditionally grown in Serbia. It is cultivated in approximately 6,000 ha with an annual production of 10,000 t of dried leaves. On a global scale, the production level of tobacco in Serbia is not significant, but it provides a livelihood for a large number of people. The main tobacco producing regions in Serbia are located in the Vojvodina Province in northern Serbia, as well as in Central Serbia, with two predominant types of tobacco, Virginia and Burley.
Tobacco viruses are one of the most important limiting factors in tobacco industry (Gooding, 1991; Williams-Woodward, 2000) . In some cases, tobacco viruses could cause a complete crop failure (Chatzivassiliou et al., 2004) . More than 20 viruses occur in tobacco naturally, and tobacco can be experimentally infected with more than hundred of viral species (Gooding, 1991) . The thrips-transmitted TSWV, the mechanically transmitted TMV, and three aphid-transmitted viruses, PVY, CMV and AMV are thought to be the most prevalent (Mayunga and Kaporia, 2003; Chatzivassiliou et al., 2004) . Aphid-transmitted PVX and nematode-transmitted TRSV have been reported to be of minor importance on a worldwide basis (Gooding, 1991) .
Despite the importance of tobacco in Serbia, there is only limited information on the occurrence and distribution of tobacco viruses. Several investigations carried out in the Vojvodina Province of Serbia showed the presence of TSWV, AMV, CMV, PVY, PVX, and TMV (Jasnić et al., 2000; Dukić et al., 2006; Djekić et al., 2008) . Outbreaks of viral diseases have occurred during the recent years in many tobacco fields in the Vojvodina Province and Central Serbia, having been associated with severe symptoms which have caused great losses in yield.
A four-year survey on tobacco viruses was conducted in order to give an insight into the composition of virus epidemics in tobacco crops in Serbia, by evaluation of the relative incidence and distribution of viruses through serological testing. This study was also focused on obtaining the molecular evidence of the detected viruses and represents the first attempt of genetic characterization of tobacco virus isolates originating from Serbia. The aim of phylogenetic analysis of TSWV was to determine the genetic relationships of Serbian TSWV tobacco isolates with those from other parts of the world.
Materials and Methods
Survey and sample collection. During the period from 2005 to 2008, an extensive survey was conducted in order to determine viruses associated with tobacco crops in three districts of the Vojvodina Province (South Bačka, Srem and Central Banat) and three of the Central Serbia (Mačva, Jablanica and City of Belgrade). After visual inspection of 25 tobacco fields at 17 different localities in order to record virus-like symptoms, a total of 380 samples were randomly collected. Samples of tobacco plants comprised of leaves which exhibited some of the various symptoms, such as stunting, leaf distortion, vein clearing or necrosis, various types of mosaic, yellowing and necrotic patterns. Exception was made in 2007, when samples of symptomless plants were also collected from six fields. Samples were transported and stored at 4°C until testing by ELISA.
Serological assay. Samples were tested for the presence of seven tobacco viruses utilizing a double-antibody sandwich (DAS)-ELISA kits according to manufacturer's instructions. Commercial antisera for detection of PVY, TSWV, CMV, TMV, PVX, AMV (Loewe Biochemica, Sauerlach, Germany), and TRSV (Neogen Europe Ltd, Scotland, UK) were used. Samples that were PVYpositive using polyclonal antiserum were further analyzed using commercial monoclonal antibody (MAb) for detection of tobacco veinal necrosis (PVY N ), stipple-streak (PVY C ) and combination of ordinary and stipple-streak (PVY O+C ) strains (Loewe Biochemica, Sauerlach, Germany). Leaf tissue extracts were done in extraction buffer at a ratio of 1:10 (wt/vol). After incubation with p-nitrophenyl phosphate (Sigma-Aldrich, St. Louis, MO) at room temperature (23°C) for 2 hrs in dark, absorbance at 405 nm was measured with an ELISA microplate reader (DASsrl, Italy). Samples were considered positive if the absorbance value was equal to two times the absorbance of the negative control or higher. Commercial positive and negative controls (Loewe) for each virus, extract from healthy tobacco leaf tissue as well as extraction buffer were included in each ELISA.
RT-PCR detection. To confirm PVY, TSWV, CMV, TMV, and AMV identification, total RNA extracts were obtained from leaves of ELISA-positive plants, using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) following the manufacturer΄s instructions. Tissue sample from healthy tobacco leaf was used as a negative control in RNA extraction and RT-PCR amplification. The amplification of fragment of specific nucleotide sequence of PVY (5ʹ-UTR and P1 gene), TSWV (partial NC gene), CMV (complete of CP gene AGG ACT TCA TAC CTT GAC C a Y = C or T; R = A. G; S = G. C; V = G. C. A. and part of 3ʹ-and 5ʹ-UTRs), TMV (complete CP gene and part of 3ʹ-and 5ʹ-UTRs), and AMV (partial CP gene and 3ʹ-UTR) were performed using RT-PCR with specific primers and cycling conditions (Table 1) . RT-PCR was carried out with the One-Step RT-PCR kit (Qiagen, Hilden, Germany) according to the manufacturer΄s instructions. The RT-PCR reaction mixture included 400 µmol/l each of the four dNTPs, 0.6 µmol/l of the viral sense and complementary sense primer and 1 µl extracted RNA in a final volume of 25 µl.
RT-PCR reaction was performed in a thermal cycler (Biometra, T-1 Thermocycler). PCR products were analyzed by 1% agarose gel electrophoresis, stained with ethidium bromide and visualized under a UV transilluminator. Sequence analyses. Products of predicted size, which were amplified using specific primers to TSWV, PVY, CMV, TMV or AMV, were sequenced directly after the purification with QIAquick PCR Purification Kit (Qiagen). Sequencing was performed on an automated equipment (BMR Genomics, Padova, Italy) in both directions. All sequences generated in this study were deposited in the National Center for Biotechnology Information (NCBI) GenBank database and they were assigned by accession numbers. Sequences of Serbian virus isolates were compared with the respective virus sequences available in the GenBank (http://www.ncbi.nlm.nih.gov/BLAST/) using the ClustalW program (Thompson et al., 1994) and MEGA4 software (Tamura et al., 2007) . A Kimura 2-parameter was applied for nucleotide, while p-distance model was used for deduced amino acid sequence analysis.
Selected NC-gene sequences of 38 TSWV isolates which were retrieved online from the NCBI and three sequences of Serbian tobacco isolates (Table 2) were trimmed to 744 bp, the length of the shortest fragment. Calculation of the divergence in NC-gene nucleotide sequences of selected isolates and phylogenetic analysis were conducted using the MEGA4 software. Phylogenetic trees were constructed using the maximum parsimony method and bootstrap analysis with 1,000 replicates. All branches with bootstrap value support <50% were collapsed. An isolate of tomato chlorotic spot virus (TCSV; Acc. No. S54325) was used as the outgroup sequence.
Results

Disease incidence and symptomatology in the field
Disease incidence, as estimated by the number of symptomatic plants in the field, highly varied depending on the year and sampling locality. Disease incidence was estimated at 50 to 70% in years 2005 and 2006, while it was nearly 100% in two fields in 2008. In 2007, virus-like symptoms were not recorded on six fields, while in other four fields 
Virus detection and incidence in tobacco samples
Viruses detected in the tobacco fields surveyed in years 2005-2008 were PVY, TSWV, CMV, TMV, and AMV. PVX and TRSV were not detected by ELISA in any of the 380 tobacco samples tested. The relative incidence and distribution of detected viruses in collected tobacco samples are presented in Table 3 and 4.
In year 2005, PVY was detected in almost all localities and was the most prevalent, followed by TMV, TSWV, and CMV. Single infections were predominant, while the most frequent type of mixed infections was PVY+TMV. The presence of AMV was not detected in any of tested samples. In 2.7% of collected symptomatic samples, presence of any of the tested viruses could not be detected.
In year 2006, PVY was also found most frequently and was detected in all surveyed localities. TSWV, CMV, TMV, and AMV were also detected, but at lower frequencies. The number of single infections was considerably higher than of double infections, which was the only mixed infection type found in 2006. The most frequent double infection was by PVY+CMV. In 2.8% of collected symptomatic samples, presence of any of the tested viruses could not be detected.
In year 2007, CMV was most frequently detected, followed by TSWV, TMV, PVY, and AMV. Single infections were predominant, but mixed infections with two, three and four viruses were also detected at high incidence level. Among mixed infections, most frequent infection was by CMV+TMV. Tested viruses were not detected in any of the symptomless samples (31.8%) from six localities, as well as in 1.5% of symptomatic samples. In year 2008, TSWV was detected most frequently and was the only virus present in single infections. TMV, AMV, and CMV were less frequent than TSWV, but present at high infection rates. PVY was present at much lower level than in previous years. The number of mixed infections was considerably higher than of single. Triple infections were found to be the most frequent, and the most often viral combination was TSWV+TMV+AMV.
In general, TSWV was the most frequent virus identified in 37.9% of 380 samples collected during the investigation. The second most frequent was PVY, which infected 33.4% of tested samples. All of 127 samples which were ELISApositive for the presence of PVY reacted with MAb specific for PVY N , revealing N serotype. In all tested samples, no specific reactions were detected with PVY C or PVY O+C . TSWV was most frequently found virus in the localities of Central Serbia, while PVY and CMV were the most frequent viruses in the Vojvodina Province. Most often detected single infection in all the collected samples was PVY, followed by the infection with TSWV. Mixed infections were the most frequent infection types in 2008. It was found in this study that variation and severity of disease symptoms were not dependent on tobacco types. Also, substantial differences in the incidence of viruses could not be recorded between these two tobacco types.
Molecular detection and sequence identity analyses
With TSWV, PVY, CMV, TMV, and AMV specific primers, we were able to amplify target cDNA fragments of predicted size and successfully detect the presence of respective viruses in all selected ELISA-positive samples. There was no amplification recorded in the healthy tobacco control. The identities of obtained amplicons were confirmed by sequencing. Sequences of five tobacco virus isolates determined in this study were submitted to GenBank and allocated under accession numbers (Table 5 ).
The identities of isolates 53-05 (GQ373173), 33-06 (GQ355467) and 39-06 (GQ373172) with 38 TSWV isolates selected for phylogenetic analysis varied from 96.2-100% at the nucleotide (nt) level. Nucleotide sequences of isolates 53-05 and 33-06 had the highest nt identity of 100% with The BLAST analysis revealed that the sequences of isolates D7-06 (GQ290476) and D35-06 (GQ290475) were over 88% identical with the known PVY isolates. The sequences of these two isolates proved to be identical at nt level of 99.9% (100% aa identity). Multiple nucleotide and deduced amino acid comparison of the 735 bp of the partial P1 protein gene sequences revealed that nt sequences of Serbian isolates showed the highest homology of 91.2 to 100% (91 to 100% aa identities) with isolates belonging to PVY N / PVY NTN strain group, and the highest similarity (99.9-100% nt and 100% aa identities) was with the Slovenian PVY NTN isolate (AF401604) ( Table 6 ). However, sequence homology between isolates from Serbia and isolates belonging to PVY O and PVY C strains was much lower, ranging from 62.5 to 63.5% (69.4 to 70.6% aa identities) and 62.2 to 63.2% (68.6 to 69.4% aa identities), respectively.
In the BLAST search analysis, the sequence of isolate 702-07 (GQ340670) showed over 94% of sequence identity with the CP gene sequences of CMV from other parts of the world, and revealed the highest nt homology of 99.7% (100% aa identity) with two isolates from Spain (AJ829770, AM183119) and one from USA (D10538). The BLAST analysis showed that the sequence of Serbian isolate 699-07 (GQ340671) was over 86% identical with TMV sequences from other parts of the world. Isolate 699-07 shared the highest nt similarity of 97.4% (100% aa identity) with German isolate (AJ429078). The 604 bp long CP gene sequence of Serbian isolate 196-08 (FJ527749) was over 93% identical with the known AMV sequences, and the highest homology of 99% (99.5% aa identity) was with Chinese isolate (HQ316637) and USA isolate (HQ185569).
Phylogenetic analysis of TSWV isolates
The consensus tree was inferred from 49 most parsimonious trees (Fig. 1) . The overall level of nucleotide diversity of the NC-gene sequences was 0.023 ± 0.003. The phylogenetic tree, supported with high bootstrap values, resulted in four major clusters: Europe (intragroup diversity of 0.010 ± 0.002), North America (0.016 ± 0.003), Brazil and Asia (0.020 ± 0.004), with mean distance among these clusters ranging from 0.027 ± 0.005 to 0.039 ± 0.007.
The European cluster could be further divided into two geographical subpopulations with isolates from: Bulgaria, Serbia and Montenegro with the mean nucleotide intragroup divergence of 0.008 ± 0.002 (subgroup 1), and the Netherlands, Czech Republic, Germany, and Italy with the exception of the two isolates collected in North Carolina (NC-1 and NC-3) and two collected in South Africa (MP and GP) with intragroup diversity of 0.006 ± 0.002 (subgroup 2). Genetic diversity between these two subgroups was 0.012 ± 0.003. According to the phylogenetic analysis, the relationship between the Serbian TSWV isolates and isolates from Bulgaria and Montenegro was closer than with TSWV isolates from other European countries. Subgroups 1 and 2 are polyphyletic, so bootstrap values associated with them were low (50%). The isolates of North American cluster could be divided into three geographical subpopulations. Subgroup 3 included the isolates from Spain (0.005 ± 0.002), subgroup 4 isolates from Italy and Japan (0.003±0.002), and subgroup 5 isolates from USA (0.016 ± 0.003). The mean distance among subgroups 3, 4 and 5 ranged from 0.014 ± 0.003 to 0.018 ± 0.004. Brazilian cluster consisted of single isolate. The phylogenetic tree also revealed a joint clustering of two French isolates (France81 and SO46) and Japanese and South Korean isolates in Asian cluster (0.020 ± 0.004).
Discussion
This study revealed presence of five viruses in tobacco crops in Serbia: PVY, TSWV, CMV, TMC, and AMV, in both, single and mixed infection. RT-PCR tests on few randomly selected samples which were ELISA-positive for the presence of respective viruses, as well as the comparisons of obtained virus isolate sequences with those available in NCBI, confirmed the authenticity of these viruses.
The occurrence, distribution and incidence of detected viruses varied from year to year, as it had been observed in tobacco crops worldwide (Pappu et al., 2000a; Mayunga and Kapooria, 2003; Chatzivassiliou et al., 2004) , showing that the epidemic composition of tobacco viruses had constantly fluctuating trend. Widespread occurrence and the prevalence of PVY and TSWV, which were most frequently detected viruses in collected samples, implicated their major impact on tobacco production in Serbia. Extensive spread of TSWV and PVY was mainly recorded in Central Serbia and the Vojvodina Province, respectively. Although CMV, TMV, and AMV incidence in surveyed fields was significantly lower and their distribution was not so wide, the occurrence of these viruses should not be neglected because their populations are well established in tobacco crops in Serbia.
In majority of surveyed tobacco localities in Serbia, a broad range of symptoms was found. Only in 2007, viruslike symptoms were not observed and there was not any virus infection detected in collected samples from six inspected fields. It was expected, since these fields were surrounded by large maize-or wheat-growing fields, and they were spatially isolated from crops which could be the source of viral inoculum. During years 2007 and 2008, especially in the fields located in Central Serbia, the incidence of severe leaf symptoms and dwarfed plants was very high, which caused considerable yield losses and abandoning of some crops. This situation might be explained by facts that most widely planted tobacco cultivars in Serbia are highly susceptible (Djekić et al., 2006) and that mixed infections were more common than in previous years.
Infections with TSWV were recorded mainly in Central Serbia. These infections were serious and affected the whole plants, causing yield losses or even total loss, as it was in 2008. Therefore, the incidence of TSWV at an economically damaging level and extremely severe symptoms represented serious threat for tobacco in Serbia, as it was reported for many tobacco-growing regions in the world. TSWV infection was responsible for destructive epidemics in tobacco throughout USA (Pappu et al., 2000b) , in Eastern Europe and Balkan countries (Chatzivassiliou et al., 2004; Hristova et al., 2001) . Recent first report on TSWV in tobacco in Italy indicated its further spread in tobacco in Europe (Carrieri et al., 2011) .
TSWV has been reported as an economically important constraint to the production of field crops, vegetables and ornamentals in Serbia (Krstić and Bulajić, 2007) . However, little information is available on the sequence characteristics of natural populations of TSWV (Stanković et al., 2011) and there is not any information on TSWV tobacco isolates from Serbia. The sequences of Serbian TSWV isolates were highly homologous to each other and to the NC-gene sequences of TSWV isolates from other parts of the world. Previous studies showed a high degree of NC-gene sequence identity of TSWV isolates sampled from a single crop (Kaye et al., 2011) , as well as of its global populations Tsompana et al., 2005; Sivparsad and Gubba, 2008) . In spite of the high degree of NC-gene sequence identity among TSWV isolates used in this study, phylogenetic analysis revealed that minor differences may be of potential significance, because NC phylogenetic tree of selected TSWV isolates clustered by geographic origin, with some exceptions. The overall level of nucleotide diversity of the NC-gene sequences compared in this study was similar to global TSWV population diversity (0.024), reported previously (Tsompana et al., 2005) . Clustering of TSWV isolates based on geographic origin was also reported previously Tsompana et al., 2005) , as well as the lack of clustering among Australian isolates (Dietzgen et al., 2005) . Three isolates originating from Serbia, clustered with isolates from Bulgaria and Montenegro, but other European isolates formed close related, but different geographical subpopulation. Clustering of European TSWV isolates in two geographical subpopulations may be due to the evolution of geographically distinct sequence variants in the natural population of TSWV. The high sequence similarity among Serbian, Bulgarian and Montenegrin TSWV isolates suggested that gene flow had occurred among these three countries. Similarly, it was reported that the isolates from Georgia and North Carolina formed one tight cluster that was distinct from TSWV isolates reported from other parts of the USA and the world (Tsompana et al., 2005) . Serbian tobacco TSWV isolates not only shared a high sequence similarity among each other, but they were also very similar to one Serbian TSWV isolate from tomato. A large number of hosts and geographically diverse isolates should be sequenced and phylogenetically analyzed in order to provide complete information on TSWV natural populations in Serbia.
The phylogenetic analysis performed in this study showed that TSWV had a defined geographical structure with exception of the two isolates from North Carolina and two from South Africa, which were placed into European cluster, demonstrating the trans-continental dispersal from Europe to North America and South Africa, as it was stated by Tsompana et al. (2005) and Sivparsad and Gubba (2008) . Also, NC-gene sequences of two French isolates were most closely related to, and clustered with South Korean isolates, indicating genetic exchanges between Asian and European groups. Study of Tentchev et al. (2011) revealed that European and Asian clusters clearly diverged from North American cluster representing local outbreaks of indigenous TSWV populations. The clustering of some isolates from Spain and Italy into North American, and some French isolates into Asian cluster, suggested at least three independent introductions of TSWV in Europe, which was consistent with the results of a pioneering study (Tsompana et al., 2005) and most recent comprehensive study on TSWV evolution and population structure (Tentchev et al., 2011) .
In 2005 and 2006, the most frequently observed symptom was venial necrosis, which was extended throughout the plant causing reddish-brown plant colour and premature death of lower leaves. Serious yield losses associated with these symptoms were recorded mainly at localities in northern part of the country. In all collected samples with this type of symptoms, presence of PVY was detected. PVY which is one of the most destructive tobacco pathogens (Chatzivassiliou et al., 2004) is widely distributed in Serbia. It was the most prevalent virus in the first two years of investigation, but its presence was significantly lower in the two subsequent years. The similar situation was reported in Georgia΄s fluecured tobacco, when PVY was predominant in 1999, while none of tested plants were PVY-positive in the next year (Pappu et al., 2000a) .
Symptoms observed in tobacco crops suggested the presence of a PVY necrotic strain, which was confirmed by reaction with a PVY N -specific MAbs. The results of P1 gene sequence similarity analysis, confirmed by phylogenetic analysis (data not shown), revealed the highest sequence similarity of two Serbian PVY isolates with European PVY N /PVY NTN isolates, a little lower homology with North American isolates of necrotic strains, and significantly lower homology with PVY O and PVY C isolates. Nie and Singh (2002) also found that typical PVY N /PVY NTN isolates showed only 70% identity with known PVY O isolates, while high identity was determined among necrotic strains from Europe and North America. Taking into account significant PVY genetic variation, the highest sequence identity of Serbian PVY isolates with the Slovenian PVY NTN isolate, as well as the fact that PVY NTN and PVY N isolates had identical serotype and tobacco phenotype, detailed characterization of PVY isolates is needed to achieve final classification of PVY tobacco isolates from Serbia.
Tobacco crops worldwide are regularly threatened by CMV and severe epidemics were sometimes associated with this virus (Kucharek et al., 1998; Gooding, 1991; Chatzivassiliou et al., 2004) . Its prevalence was the highest of all the viruses identified in Florida during a 3-year period (Kucharek et al., 1998) , although the prevalence and severity of its outbreaks could vary from year to year (Li et al., 2001) . During the 4-year period of this investigation, CMV was identified every year and it was present in almost all sampling localities in Serbia. Significant difference was seen between the infection level in the first two years of the survey, when CMV occurred at lower degree, and in the last two years, when the virus became prevalent or frequently detected. Apart from TSWV and PVY, CMV is also a persistent threat for Serbian tobacco production.
Among the other viruses found in tobacco crops in Serbia, TMV also occupied an important position, not only because it was present throughout the country, but it was also the second most frequently detected virus in two years of the investigation. TMV infects commercially grown tobacco worldwide, reducing its quality and yields. Sometimes this virus occurred rarely (Li et al., 2001) , but sometimes severe outbreaks were reported (Pappu et al., 2000a; Mayunga and Kapooria, 2003) . Relative high incidence and constant presence in Serbian tobacco crops resulted likely from insufficient growers understanding that the mechanical transmission by contaminated tools or workers themselves is of major importance for a quick and effective TMV infection, which spreads easily. This indicated the need to enhance growers awareness of the importance of good sanitation, as the best means of preventing TMV.
AMV was another virus identified in this study, present in a limited number of crops and occurred to a lesser extent than the other detected viruses. Tobacco is not a major host for AMV and reports on its natural infections in field-grown tobacco are limited. However, AMV was often found in tobacco cultivated in the vicinity of alfalfa crops where virus incidence was high (Tedford and Nielsen, 1990) . Only in 2008, AMV was detected in more than 50% of tested samples, and all these samples were infected with various combinations of the viruses. Despite the high incidence of AMV in alfalfa crops in Serbia (Bulajić et al., 2010) , its incidence in tobacco crops remained lower than of the other aphid transmitted viruses, and it was not economically significant for Serbian tobacco production.
This investigation provides essential basic information useful for tobacco virus control in Serbia. Damage caused by tobacco viruses should initiate a breeding program aimed at genotype selection for the resistance against the most prevalent viruses. An important option for virus disease control would be to enhance growers acquaintance with control measures against tobacco viruses and their vectors, especially those directed to limit early virus infections.
